ater is ubiquitous in nature, but it exists as pure water infrequently. From the ocean to biology, water molecules interact with a wide variety of dissolved species. Many of these species are charged. In the ocean, water interacts with dissolved salts. In biological systems, water interacts with dissolved salts as well as charged amino acids, the zwitterionic head groups of membranes, and other biological groups that carry charges. Water plays a central role in a vast number of chemical processes because of its dynamic hydrogen-bond network. A water molecule can form up to four hydrogen bonds in an approximately tetrahedral arrangement. These hydrogen bonds are continually being broken, and new bonds are being formed on a picosecond time scale. The ability of the hydrogen-bond network of water to rapidly reconfigure enables water to accommodate and facilitate chemical processes. Therefore, the influence of charged species on water hydrogen-bond dynamics is important.
Introduction
The hydrogen-bond network of pure water, which is responsible for the unique properties of water, undergoes rapid structural evolution. 1 A question of fundamental importance is how do the dynamics of water in the immediate vicinity of an ion or ionic group differ from those of pure water? Water dynamics in ion hydration shells play a significant role in the nature of systems such as proteins and micelles and in processes such as ion transport through transmembrane proteins. In pure water, the hydrogen-bond network is constantly evolving, with a range of time scales from tens of femtoseconds to picoseconds. [2] [3] [4] [5] [6] Hydrogen bonds are continually forming and breaking through concerted hydrogen-bond rearrangements. 7 These dynamical processes can be observed on the time scales that they occur using ultrafast infrared spectroscopy. Measurements of spectral diffusion using ultrafast two-dimensional infrared (2D IR) vibrational echo spectroscopy 5, 8, 9 as well as other ultrafast IR techniques 4, 10 have determined the multiple time scales for the hydrogen-bond dynamics. The slowest time component of the frequencyfrequency correlation function (FFCF) (1.7 ps) is associated with the randomization of the hydrogen-bond network through concerted hydrogen-bond rearrangements. The orientational relaxation time of pure water (2.6 ps) 4, 6 is also assigned to concerted hydrogen-bond rearrangement via jump reorientation. 7 Ionic hydration and the dynamics of water in salt solutions have been studied extensively by nuclear magnetic resonance (NMR), 11 neutron diffraction, 12 computer simulations, 13 and infrared spectroscopy. 9, 14, 15 There is information about the structure of ionic solvation shells from diffraction experiments. However, unraveling the dynamics of the solvation shell and the back and forth exchange of waters hydrogen-bonded to ions and to water molecules is an ongoing experimental problem.
Here, two types of ultrafast 2D IR vibrational echo experiments as well as polarization-selective IR pump-probe experiments are used to study water hydrogen-bond dynamics in concentrated salt solutions. The two 2D IR vibrational echo observables are chemical exchange 16, 17 and spectral diffusion. 5, 8, 9 The application of these two types of vibrational echo experiments is dictated by the IR absorption spectrum of the hydroxyl stretch of water. The OD hydroxyl stretch of dilute HOD in H 2 O is studied rather than pure H 2 O or D 2 O to eliminate vibrational excitation transfer. 18, 19 Vibrational excitation transfer interferes with orientational relaxation measurements, and it will artificially contribute to both chemical exchange and spectral diffusion. MD simulations have shown that dilute HOD in H 2 O does not change the behavior of water and that observations of the OD hydroxyl stretch report on the dynamics and local environment of water.
20 Figure 1A shows background-subtracted IR absorption spectra of the OD stretch of HOD in H 2 O salt solutions for NaBF 4 17 for several salt concentrations. The numbers, n, are the number of water molecules per salt; e.g., n ) 30 means that there are 30 water molecules for one NaBF 4 . As the concentration of the salt increases, a peak develops on the high-frequency side of the water spectrum. This peak arises from ODs hydrogen-bonded to the BF 4 -anions. 17 In addition, the main water peak shifts to the blue with an increasing concentration but essentially maintains its shape. The presence of distinct peaks for ODs hydrogen-bonded to other water molecules and BF 4 -anions makes it possible to perform the chemical-exchange spectroscopy (CES) experiments, 17 in which hydrogen-bond switching between anions and water oxygens is manifested by the growth of off-diagonal peaks in the 2D IR vibrational echo spectra. The CES experiments were performed on the highest concentration sample, 5.5 M with n ) 7. The NaBr spectra ( Figure 1B ) do not show two distinct peaks at any salt concentration. The spectra are broad, 21 and the peak position is increasingly blue-shifted as the NaBr concentration increases. For pure water, the broad spectrum is associated with different numbers and a wide range of The OD hydroxyl bound to the BF 4 -anion (small peak at high frequency) and the OD bound to oxygen of another water are spectrally resolved. (B) NaBr spectra. The water-anion and water-water bands are not resolved. Fayer et al. strengths of the hydrogen bonds. 21 For pure water, sub-ensembles of water molecules with more and/or stronger hydrogen bonds have red-shifted absorptions, while sub-ensembles with fewer and/or weaker hydrogen bonds are blue-shifted. In the type of systems being considered here, in which the hydroxyl groups are likely to be interacting with ions, the blue shift should not be interpreted as an indication of the weakening of the hydrogen-bond structure in an aqueous solution but rather as an overall change in the nature of the local water environments. Because the NaBr spectra do not show distinct peaks, CES cannot be employed. Instead, measurements of spectral diffusion (change in the 2D IR vibrational echo line shapes) can be used to examine the hydrogen-bond dynamics. 
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Measurements of Hydrogen-Bond Dynamics
Chemical-Exchange Spectroscopy Measurements of
Water-NaBF 4 . Chemical exchange occurs when two species in equilibrium interconvert without changing the overall number of either species. The 2D IR vibrational echo chemicalexchange spectroscopy has been developed recently 16, [22] [23] [24] [25] and applied to the formation and dissociation dynamics of organic solute-solvent complexes, 16, 22, 26 the rate of isomerization around a carbon-carbon single bond, 25 the switching between well-defined protein structural substates, 27 and hydrogen-bond dynamics in NaBF 4 solutions 17 discussed here.
Chemical exchange between two species has a well-defined effect on the 2D IR vibrational echo spectrum. 16 At short times compared to the exchange time, the peaks corresponding to the two species appear as two positive going bands on the diagonal of the 2D spectrum. A 2D contour plot spectrum such as this is shown in the Conspectus figure (also see Figure 3A below). The diagonal is the dashed line. Positive going peaks are red, and negative going peaks are blue. The horizontal axis is ω τ , corresponding to the frequencies that the vibrational oscillators interact with when the first pulse in the three-pulse sequence is applied. The vertical axis is ω m . It corresponds to the frequencies of oscillators interacting with the third pulse, which gives rise to the vibrational echo pulse at the same frequencies. Therefore, ω m corresponds to the frequencies contained in the vibrational echo wave packet. The time between the first and second pulses is τ, and the time between the second and third pulses is T w . The vibrational echo pulse is emitted at time eτ after the third pulse. The vibrational echo is detected through a monochromator using a mercury cadmium telluride (MCT) array detector, which mea- The first two pulses in the sequence label the initial species. As τ is scanned, the echo pulse moves temporally relative to the fixed local oscillator pulse, producing a temporal interferogram at each ω m where there is signal. Numerical
Fourier transformation of these temporal interferograms, one at each ω m , gives the ω τ axis. The ω τ axis reports the initial frequencies of the species, and the ω m axis reports the final frequencies of the species after the system has evolved for time, In the Conspectus figure (also see Figure 3A below), the high-frequency peak on the diagonal arises from ODs hydrogen-bonded to BF 4 -anions. The lower frequency peak on the diagonal comes from ODs hydrogen-bonded to water oxygens. In addition, there are two negative going off-diagonal bands (blue in the figure) that arise from vibrational echo emission at the v ) 1-2 (1-2) transition frequencies of each diagonal peak. 28, 29 The 1-2 peaks are shifted to lower frequency along the vibrational echo emission (ω m ) axis of the 2D spectrum by the anharmonicities of the OD stretch of the two species. It is useful to discuss the ideal CES case, in which the anharmonic shifts are so large that, when projected onto the ω m axis, the off-diagonal 1-2 peaks do not overlap with the 0-1 peaks 30 (Note that this is not the case for the salt solution spectrum shown in the Conspectus figure and Figure 3 below).
In the ideal case, we can consider only the 0-1 peaks. At short T w , there are two peaks on the diagonal, called A and B (see Figure 2A ). The system is in equilibrium; therefore, A's are constantly turning into B's, and B's are turning into A's. At longer T w , some A's have turned into B's and some B's have turned into A's (see Figure 2B ). For those A's that turn into B's, the initial frequency on both the ω τ and ω m axes is ω A but the final frequency on ω m is ω B , producing an off-diagonal peak at (ω A , ω B ). For those B's that turn into A's, a different off-diagonal peak is produced at (ω B , ω A ). The time dependence of the growth of these off-diagonal peaks and the decay of the diagonal peaks yields the chemical-exchange times. 16 Figure   2C shows both the 0-1 and 1-2 portions of the spectrum at long T w . There are equivalent chemical-exchange peaks in both portions. 16 The water-BF 4 -chemical-exchange system behaves in the same manner, except that there is overlap between chemicalexchange peaks and other peaks in the 2D spectrum. The overlapping peaks produce a more complex appearing spectrum as the chemical-exchange peaks grow. The overlap of the peaks is taken into account in the data analysis. 17 In the following, hydroxyl-water (hw) signifies hydroxyls hydrogen-bonded to oxygen atoms of water molecules. Hydroxyl-anion (ha) signifies hydroxyls hydrogen-bonded to BF 4 -anions. The first two pulses label the ha's and hw's. As time increases, additional peaks grow because of hydrogenbond rearrangements that cause ha's to change into hw's and vice versa. The exchange dynamics are extracted from the time-dependent growth of these off-diagonal peaks when the effects of the vibrational lifetimes and orientational relaxation of the two species are included in the chemical-exchange kinetic model analysis. 16, 17 The vibrational lifetimes and orientational relaxation times were measured with polarizationselective IR pump-probe experiments.
17
Figure 3 displays the 2D IR chemical-exchange spectrum at T w ) (A) 200 fs and (B) 4 ps. The growth of the chemical-exchange peaks at 4 ps is clear from the change in the spectrum compared to the T w ) 200 fs spectrum. In B, only the higher frequency region of the 2D spectrum is presented, because this region of the spectrum shows the influence of the growth of the off-diagonal peaks most clearly. Because the lifetime of hw is considerably shorter than ha (see below), the hw peak has decreased in amplitude relative to the ha peak when compared to the 200 fs spectrum. Chemical exchange will cause four additional off-diagonal peaks to grow in, two of which are positive going, arising from the 0-1 transitions, and two that are negative going and come from the 1-2 transitions. In Figure 3 , the most evident chemicalexchange peak is the 0-1 hw f ha peak, labeled A; this peak does not overlap with any other peak. The spectrum contains two other exchange peaks. The 1-2 hw f ha peak is labeled B. The 1-2 hw f ha peak eats away a strip from the diagonal 0-1 hw band because it is negative, relatively narrow along the ω m axis, and extended along the ω τ axis. This is seen very clearly by comparing the hw peak in Figure 3B to its short-time counterpart in Figure 3A . The last exchange peak in Figure 3 is the 0-1 ha f hw peak, labeled C. It is positive going and is manifested as a reduction in the bottom portion of the negative going 1-2 ha peak. The shapes of the diag-onal and off-diagonal CES peaks have been explicated theoretically and experimentally. 23, 30 The important point is that
we know exactly where all of the peaks are. The overlap of the peaks is handled in the data analysis. 17 A series of 2D spectra over a range of T w was collected and analyzed. The chemical-exchange times can be obtained from the peak volumes as a function of T w . 16, 23 The time dependence of the 0-1 and corresponding 1-2 peaks are the same. 16, 23 Because the system is in equilibrium, the ha f hw and hw f ha chemical-exchange peaks grow with the same time dependence. 16, 17, 23 Therefore, all of the dynamics are reflected in the subset of peaks, the diagonal 0-1 ha peak, the diagonal 0-1 hw peak, and the off-diagonal 0-1 chemical exchange hw f ha peak. 17 The volumes associated with these peaks are plotted in Figure 4A . To obtain the chemical-exchange rate, the data in Figure  4A are fit with a model that includes the vibrational population decay rates and the orientational relaxation rates of hw and ha. 16, 17, 23 Polarization-selective pump-probe experiments were used to determine the apparent lifetime. The data are shown in Figure 4B . Using the measured values as an initial guess, the data in panels A and B of Figure 4 were simultaneously fit to a system of coupled differential equations. 23 In the fitting, the only adjustable parameters are the two vibrational lifetimes and the exchange rate for the process, ha f hw. The simultaneous fits give an exchange rate, vibrational lifetimes, and orientational relaxation times that are internally consistent with the data measured by 2D IR CES and polarization-selective pump-probe spectroscopy. The fits to the exchange model are shown as the solid curves in panels A and B of Figure 4 . The quality of the fits in both panels is excellent. In Figure 4A , the fit reproduces the time dependence of the diagonal and chemical-exchange peaks. The exchange time for ha f hw is T aw ) 7 ( 1 ps. The exchange time for hw f ha, T wa , is related to T aw by the equilibrium constant. 17 Using R ) 0.3 17 gives T wa ) 24 ps. This value will be dependent upon the concentration of salt because hw f ha can only occur if a water molecule is very close to an anion. Therefore, the exchange dynamics are better characterized by the time constant, T aw ) 7 ps, which may be relatively insensitive to the salt concentration. Figure 4B shows the vibrational population relaxation data (symbols) and the exchange model (solid curves). The process of exchange modifies the vibrational population decays, such that the experimentally measured decays do not provide the true lifetimes. Initially, the data are fit with single exponential decays to extract a first guess for the lifetimes. The hw decay is substantially faster than the ha decay. Because the system is in equilibrium, at t ) 0, equal population is exchanged between the two species. However, as time proceeds, the hw population decays more than the ha population and the exchange process will serve to bolster the population of hw, making the apparent lifetime longer than the true lifetime. The converse is true for ha. Note that the number of molecules undergoing exchange is always constant, but the fraction of excited molecules of each species depends upon the vibrational lifetime of that species. The shapes of the population decay curves, particularly the ha curve, are substantially influenced by the chemical exchange.
Simultaneously fitting the 2D IR CES data and the pump-probe data yields the true values for the lifetimes of exchange time is 7 ( 1 ps. The orientational relaxation and chemical-exchange times are not directly comparable. Nonetheless, it is reasonable to expect that orientational relaxation will be faster than chemical exchange. In pure water, orientational relaxation is modeled as jump reorientation. Here, the jumps can be from ha to hw and hw to ha, as well as ha to ha and hw to hw. The first two types of jumps produce both chemical exchange and orientational relaxation, while the last two produce only orientational relaxation. Thus, there are more pathways contributing to orientational relaxation than to chemical exchange, in accordance with the observation of faster reorientation. The orientational relaxation times are less than a factor of 2 slower than the orientational relaxation time of pure water, τ r ) 2.6 ps. Thus, the chemical-exchange and orientational relaxation times show that dynamics of water in this concentrated salt solution are not tremendously slower than in pure water.
Spectral Diffusion Measurements of Water-NaBr.
The CES method depends upon having two resolvable peaks (see Figure 1A) , so that the growth of off-diagonal chemicalexchange peaks can be observed. The spectra of NaBr solutions ( Figure 1B ) display a single OD stretching band because the hw and ha peaks overlap to such a great extent that they are not resolved. Therefore, spectral diffusion is used to investigate the water-ion dynamics rather than chemical exchange.
Spectral diffusion in pure water was briefly mentioned in the Introduction. The OD hydroxyl stretch frequency is very sensitive to the hydrogen-bond configuration. Stronger hydrogen bonds and more hydrogen bonds shift the frequency to the red (low energy). Weaker and fewer hydrogen bonds shift the frequency to the blue. As the hydrogen-bond structure evolves, the frequency of the OD stretch changes. The timedependent evolution of the frequency is called spectral diffusion. Tracking the time dependence of the frequency provides information on the time dependence of the hydrogen-bond structural rearrangement. 5, 8 Experiments and simulations of spectral diffusion have shown that there are a variety of time scales for hydrogen-bond dynamics in pure water. 5, 8 The very fast dynamics (from tens to hundreds of femtoseconds) are associated with very local motions of the hydrogen bonds. The slowest component of the dynamics (1.7 ps) corresponds to the complete randomization of the network structure through concerted hydrogen-bond rearrangements. Spectral diffusion can be understood using the ideas introduced to discuss chemical exchange. For pure water, rather than two resolved peaks on the diagonal, imagine a continuous overlapping set of peaks along the diagonal. At short time before significant dynamics have occurred, the 2D spectrum will be elongated along the diagonal because of the many overlapping peaks. As the hydrogen-bond structure changes, off-diagonal peaks will grow. However, instead of two peaks at two specific frequencies in the 0-1 region, there will be a continuum of peaks spanning all accessible frequencies. These "off-diagonal" peaks overlap, and their effect is to change the shape of the 2D spectrum. As T w increases, the spectrum broadens and goes from being elongated along the diagonal to increasingly symmetrical. The change in shape can be analyzed using a variety of methods to give the FFCF. Basically, the FFCF describes the time evolution of an initial frequency ω(0) to other frequencies ω(t) at later time t, which is directly related to an initial local hydrogen-bonding structure experience by an OD at t ) 0 evolving to other structures at time t.
In the NaBr solutions, in addition to spectral diffusion, there is also chemical exchange, in which OD hydroxyls bound to water oxygens (hw) and OD hydroxyls bound to Br -(ha) switch. The overall dynamics are illustrated schematically in Figure 5 . The left well represents hw, and the right well represents ha. On the basis of the experiments on NaBF 4 , we anticipate that the switching between ha and hw will occur on the many picosecond time scale. On a much shorter time scale, spectral diffusion will cause sampling of frequencies without switching between species. Because the ha and hw peaks overlap strongly, spectral diffusion in each of the wells shown in Figure 5 will sample a large range of frequencies. The diagram has the two types of species separated with distinct regions of spectral diffusion. While this is the case for NaBF 4 , it is not the physical situation for NaBr. In the NaBr solutions, the ranges of spectral diffusion strongly overlap. However, without chemical exchange interconverting ha's and hw's, full spectral diffusion, that is sampling of all structures and therefore all frequencies, cannot occur. The basic idea of the CLS method is that a line can be constructed from the data at each T w that has a slope that is directly related to the shape of the spectrum. In the analysis used here, the FFCF is related to the inverse of the slope. At short time, the CLS approaches 1; therefore, the inverse is 1.
At long time, the center line is vertical (infinite slope; see the bottom panel in Figure 6) ; therefore, the inverse is 0. The FFCF can be calculated from the T w dependence of the inverse of the CLS.
31 Figure 7 displays the inverse of the CLS, C(T w ), for pure water and three NaBr solutions. 9, 33 It is immediately clear that, as the NaBr concentration increases, the water dynamics slow. Extensive simulations of pure water 5, 8 and comparisons to vibrational echo data 3, 5, 8 show that the FFCF decays on multiple time scales. The slowest time scale for pure water, 1.7 ps, arises from the complete randomization of the hydrogen-bond network. We find that FFCFs for the NaBr solutions also decay with multiple time scales, with the faster components being similar to those found for pure water. 9 The slowest component of the FFCF shows the most dramatic change. In analogy to pure water, we assume that this component reflects the final complete randomization of the hydrogen-bond network. However, in NaBr solutions, there will be hydrogen bonds between water molecules as well as hydrogen bonding of water to ions. The slowest FFCF component for pure water and the 1.5, 3, and 6 M NaBr solutions are 1.7 ( 0.5, 2.6 ( 0.5, 3.5 ( 0.5, and 4.8 ( 0.6 ps, respectively. For the highest concentration, there are only eight water molecules per NaBr (n ) 8), which is insufficient to complete even a single solvation shell for the cation and anion. Therefore, all of the molecules will be interacting directly with ions. Even for this sample, the hydrogen-bond randomization is only approximately a factor of 3 slower than that occurring in pure water. Figure 8 displays decays of the orientational anisotropy, r(t), of the OD hydroxyl for pure water and the three NaBr concentrations.
9,34 r(t) is the second Legendre polynomial orientational correlation function divided by 2.5. The data describe the randomization of the direction of the OD bond vector. As with the vibrational echo spectral diffusion, the orientational relaxation slows as the NaBr concentration increases. The slowest component of r(t) for pure water and . Data (symbols) reflect the change in shape of the 2D IR spectra as a function of T w using the CLS representation for pure water and three NaBr concentrations. As the ion concentration increases, the water hydrogen-bond dynamics slow. the 1.5, 3, and 6 M NaBr solutions are 2.6 ( 0.1, 3.9 ( 0.3, 5.1 ( 0.2, and 6.7 ( 0.3 ps, respectively. The complete randomization of the bond vector occurs through jump reorientation rather than Gaussian orientational diffusion. 7, 35 The orientations of water molecules are restricted because of hydrogen bonds to other water molecules. Concerted hydrogen-bond network rearrangement is required to randomize the orientation. The switching of hydrogen bonds between partners causes jumps in the orientation of ∼60°. Therefore, the slowest component of the orientational relaxation is closely related to the slowest component of the spectral diffusion. Both require hydrogen-bond network randomization. In the n ) 8 NaBr solution, the slowest component of the orientational relaxation is almost 3 times longer than in pure water. In the model that we are using, both the slowest component of the spectral diffusion and the complete randomization of the OD orientation require a global reorganization of the hydrogen-bond structure. The FFCF and the orientational correlation function [r(t)] cannot be directly compared because they are different correlation functions. It is interesting to compare the effect of the NaBr concentration on the slowest components of the FFCF and r(t). This can be performed by taking the ratios, R i , of the time constants of the slowest components for NaBr solutions with respect to the value for pure water. For the FFCF, R FFCF ) 1.5, 2.1, and 2.8 going from low to high concentration. For r(t), R or ) 1.5, 2.0, and 2.6. Within experimental error, the two sets of ratios are identical, which supports the picture that the slowest components of both experimental observables are related to the same global hydrogen-bond rearrangement.
Previously, two-color IR pump-probe experiments were performed by pumping the OH stretch of HOD in D 2 O salt solutions (6 M NaCl, NaBr, or NaI) near the center of the OH stretching band and measuring vibrational population relaxation at different frequencies. 15 The results were interpreted as spectral diffusion and were analyzed in terms of a correlation time constants τ c . The correlation times were reported to be 20-50 times longer than those of pure water. Both the direct chemical-exchange measurements on NaBF 4 and the vibrational echo spectral diffusion measurements on NaBr discussed here demonstrate that water dynamics are not slowed as much as suggested by the earlier pump-probe experiments.
Discussion
In both the NaBF 4 and NaBr solutions, the hydrogen-bond rearrangement dynamics can be divided into four subsets based on the initial and final hydrogen-bonding partner of the OD hydroxyl, which is the species under observation in all of the experiments. The four processes are hw f hw, ha f ha, hw f ha, and ha f hw. In the NaBF 4 chemical-exchange experiments, we observe only the hw f ha and ha f hw processes and, therefore, we obtain the time for switching from a water hydroxyl bound to an anion to a hydroxyl bound to a water oxygen and vice versa. We found that the time for the ha f hw process is 7 ps. In the NaBr solutions, all four processes contribute to spectral diffusion and orientational relaxation. As the NaBr concentration increases, the water concentration decreases and the number of hw f hw processes decreases. For the lower NaBr concentrations, the number of ha f ha processes is probably negligible because the anions are separated. For the highest NaBr concentration, there are 8 water molecules, with 16 water oxygen-accepting sites per NaBr. Br -will accept ∼6 hydroxyls to solvate it in dilute solution. Therefore, even at the highest concentration, the number of water-accepting sites substantially out number the Br --accepting sites. Therefore, it is likely that the ha f ha process is not substantial, even at this high concentration. If this is the case, then increasing the NaBr concentration increases the importance of the chemical-exchange processes ha f hw and hw f ha relative to the other two processes. On the basis of the results of the NaBF 4 experiments, we can reasonably assume that the chemical-exchange processes are slower than the hw f hw process, which, in bulk water, gives a spectral diffusion time of 1.7 ps and an orientational relaxation time of 2.6 ps. In light of these ideas, the NaBr concentration-dependent data can be viewed as follows. The identical concentration dependence of the ratios R FFCF and R or show that the spectral diffusion observable and the orientational relaxation observable are measuring different aspects of the same phenomena. In contrast to the direct chemical-exchange measurements, both of these observables have contributions from the FIGURE 8. Decay of the orientational anisotropies of pure water and three concentrations of NaBr. As the NaBr concentration increases, the orientational relaxation slows.
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chemical-exchange pathways, ha f hw and hw f ha, and the nonchemical-exchange pathways, hw f hw and ha f ha. As the concentration of NaBr increases, the chemical-exchange pathways will become increasingly important relative to the nonchemical-exchange pathways. The observed slowing of the dynamics with increasing NaBr concentration (see Figures 7 and 8) shows that the chemical-exchange pathways are slower than the nonchemical-exchange pathways. Even at the highest NaBr concentration (6 M, n ) 8), there will still be nonchemical-exchange pathways participating in the spectral diffusion and orientational relaxation dynamics. However, at all of the concentrations used in the NaBr experiments, the hw f hw process will not be the same as it is in bulk. The slowest components of the spectral diffusion and the orientational relaxation involve the randomization of the hydrogenbond network, which requires concerted motions of a number of water molecules. 7, 36 The OD hydroxyl under observation can switch from one water oxygen to another, but the other waters participating in the process may be associated with ions. Therefore, the slowing of the dynamics with increased NaBr concentration is not necessarily a superposition of a decreasing contribution of normal bulk water dynamics and an increasing contribution of slower chemical-exchange dynamics. Because of the concerted multiwater nature of the dynamics that randomize the hydrogen-bond structure, the hw f hw process is also likely to become slower as the NaBr concentration increases. At the highest concentration, the hw f hw process may not be able to occur without chemical exchange participating as part of the concerted process. Therefore, the dynamics measured at the highest concentration are likely to be dominated by and close to the chemical-exchange dynamics.
The take home message is that the interaction of water with ions slows hydrogen-bond network dynamics. However, even at very high salt concentrations, the lengthening of the time scale for a water to switch between being hydrogenbonded to an ion and being hydrogen-bonded to another water molecule is slower by a factor of 3 or 4 and not orders of magnitude. The results presented here indicate that water interacting with other types of charged species, for example, a charged amino acid at the surface of a protein, will result in a longer time to reorganize the local hydrogen-bond network than pure water but the increase in time scale should be significantly less than an order of magnitude. 
